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In the green biflagellate microalga Chlamydomonas reinhardtii, we previously identified 55 144 putative targets of Trx by coupling the monocysteinic Trx-based approach with protein separation 145 on 2D-gels and identification by MALDI-TOF MS . Considering the 146 number of Trx targets identified later in other photosynthetic organisms and the results from our 147 own studies in Chlamydomonas that identified 225 proteins regulated by S-glutathionylation 148 (Michelet et al., 2008; Zaffagnini et al., 2012a) and 492 nitrosylated proteins (Morisse et al., 149 2014b), the number of 55 Trx targets appears likely underestimated. Taking advantage of the 150 latest improvements of mass spectrometry sensitivity and capacity to deal with complex samples 151 (Doll and Burlingame, 2015; Hebert et al., 2014; Riley et al., 2016) we not only reinvestigated CrTrxh1 is by far the most highly expressed and the most abundant (Lemaire et al., 2003a;  174 Lemaire et al., 2003b; . Moreover, CrTrxh1 does not 175 contain any extra-cysteine in its primary sequence meaning that covalent binding between the 176 C39S mutant Trx and a target protein occurs exclusively through the nucleophilic cysteine.
177
Finally, CrTrxh1 exhibits a broad substrate specificity as it is able, in vitro, to reduce efficiently 178 most known cytosolic and chloroplastic Trx targets including antioxidant enzymes and Calvin-
179
Benson cycle enzymes (Fischer et al., 2009; Goyer et al., 2002; Rivera-Madrid et al., 1995; Stein 180 et al., 1995) . Soluble protein extracts from two independent Chlamydomonas cultures grown annotation available at the Phytozome website (https://phytozome.jgi.doe.gov/pz/portal.html).
196
Seven of these NCBI sequences corresponded to partial sequences or wrong gene models since the corresponding proteins contain at least one cysteine in their Phytozome full-length sequences.
198
Therefore, they were finally reintegrated in our Trx-target dataset. For the 24 remaining cysteine- Table 2 ). This suggests that, under our experimental 205 conditions, false positive contaminants were limited to a very small number of highly abundant 206 proteins.
207
The affinity chromatography approach allowed us to finally identify 980 putative Trx targets
208
( Figure 2A ) with low contamination (Supplemental Table 1 ). We also noted that 142 proteins 209 identified as putative Trx targets by affinity chromatography were not identified in the soluble 210 proteome confirming the enrichment capacity of this approach. Among these 980 proteins, we 211 found 54 of the 55 previously identified Trx-targets . In fact, the missing 212 CPN20 chaperonin was identified in only one of the two biological replicates and thus was not 213 taken into account in our dataset. Moreover, almost all proteins known to be regulated by Trx in 214 other photosynthetic organisms, but not yet established in Chlamydomonas, were identified by 215 this approach. These include methionine sulfoxide reductases (Tarrago et al., 2009; Vieira Dos 216 Santos et al., 2005) , ACCase (Hunter and Ohlrogge, 1998; Kozaki et al., 2001; Sasaki et al., 217 1997), APS reductase (Bick et al., 2001) , DAHP synthase (Entus et al., 2002) , glucan water 218 dikinase (Mikkelsen et al., 2005) , uricase (Du et al., 2010) , magnesium chelatase CHLI subunit 219 (Ikegami et al., 2007) , cytosolic NAD-MDH (Hara et al., 2006) or ADP-glucose 220 pyrophosphorylase (Ballicora et al., 2000) . This suggests that other proteins identified in this 221 dataset are also relevant. Thus, the Trx-affinity strategy combined to modern mass spectrometry 222 is a powerful method to identify proteins forming mixed-disulfides with thioredoxins. However, 223 one major drawback of this approach is that the exact cysteine targeted by Trx within the protein 224 remains undetermined. Therefore, in addition to the Trx-affinity chromatography, we developed a 225 quantitative reductome approach in order to gain further insights into the thioredoxome of
226
Chlamydomonas.
227

Identification of Trx-targeted cysteines by the reductome approach
Combination of the reductome approach with differential labeling was proven to be efficient to 229 characterize cysteines targeted by Trxs at a proteome scale (Hagglund et al., 2008; Marchand et 230 al., 2006; Zhang et al., 2016) . In this study, we used cICAT reagents, commercially available in 231 light (ICAT L ) and heavy (ICAT H ) forms, to label cysteines of soluble proteins after in vitro 232 incubation in the presence or absence of the Trx system composed of NADPH, AtNTR-B and 233 cytosolic CrTrxh1 ( Figure 1B) . The cICAT labelled proteins were digested and the corresponding 234 peptides were recovered after avidin affinity purification and acidic cleavage of the biotin tag.
235
The peptide mixtures were then analyzed by nLC-MS/MS. For each cysteine-containing peptide, Figure 1A) . Moreover, fragmentation 246 spectra of cICAT-labeled peptides generated by HCD with a normalized collision energy of 27 247 appeared dominated by an intense fragmentation pattern (m/z 167.07; 232.15; 258.17; 284.14; 248 515.29 Da) due to the cICAT moiety rendering them much less informative about the peptide 249 sequence (Supplemental Figure 1B and 1C) . By comparison, fragmentation spectra of peptides 250 for which the biotin moiety was removed are much more informative. Finally, the presence of the 251 biotin moiety also appeared to alter the elution profiles of heavy and light peptides and could 252 therefore significantly alter MS quantification. Indeed, the extracted ion chromatograms for 253 heavy and light peptides differed significantly when the biotin moiety was present whereas co-254 elution of isotopes was achieved when the biotin tag had been removed (Supplemental Figure   255   1D ). Altogether, these multiple issues led, under our experimental MS conditions, to dramatic 256 losses in terms of identification (data not shown) and we decided to systematically cleave the 257 biotin moiety for subsequent experiments.
12
To establish thresholds below and above which a cICAT ratio determines that cysteines are Trx- cannot be statistically extrapolated but was estimated to remain below 1.5% based on our 277 experimental data (1.27% for TCEP reduction and 1.37% for enzymatic reduction).
278
Finally, we decided also to check whether an isotopic effect could be observed in our workflow.
279
We therefore performed, on the same biological sample, two reductome experiments in parallel 280 that were similar in all aspects except that the heavy and light forms of cICAT reagents were 
286
The quantification results from the two experimental datasets obtained after incubation in the 287 presence or absence of the Trx system ( Figure 1B) previously observed by Zhang and colleagues using a Cys-TMT approach (Zhang et al., 2016) .
296
These cysteines belong to fourteen different proteins. For two of these, at least another peptide 297 having a Trx-reduced cysteine was also identified and eight proteins were also retained on the 298 affinity chromatography column. Altogether, this suggests that detection of such oxidized redox 299 state in the presence of the Trx system could originate from complex mechanisms involving 300 conformational changes and/or disulfide bond isomerization as established for chloroplastic 301 NADP-malate dehydrogenase (Ruelland et al., 1997) . Thus, we decided to consider these 302 fourteen proteins as putative Trx targets. Almost all peptides exhibiting a significant H/L ratio 303 were proteotypic and only 18 peptides could map to more than one possible protein. As these 304 proteins are closely related since they are encoded by duplicated genes such as tubulin α, they 305 were grouped together and counted for only one isoform. Overall, these 977 peptides allowed us 306 to identify 1052 Trx-targeted cysteines spread over 603 proteins.
307
Validation of Trx-reducible cysteines identified by the reductome approach
308
This fruitful identification of putative Trx-targeted cysteines prompted us to evaluate the 309 relevance of the cysteines identified. Interestingly, the two active site cysteines of CrTrxh1,
310
CrNTR3 and AtNTR-B were identified. To validate our data, we focused on eight other
311
Chlamydomonas enzymes known to be activated by Trx and for which we have structural 312 information about Trx-dependent cysteines ( Figure 3 ).
313
Chloroplastic ATP-synthase-Chloroplast ATPase (CF 0 CF 1 ) is activated both by the 314 electrochemical proton potential difference (Strotmann and Bickel-Sandkötter, 1984) and by 315 reduction of a disulfide bond located in the γ-subunit of the CF 1 domain (Moroney et al., 1984; 316 Yu and Selman, 1988) under the control of m-and f-type thioredoxin (He et al., 2000; Schwarz et 317 al., 1997) . In Chlamydomonas, the regulatory disulfide occurs between Cys198 and Cys204 whose mutation to serine completely abolished redox regulation (Ross et al., 1995) . In this study,
319
we identified Cys204, the cysteine corresponding to the second regulatory cysteine. (Issakidis et al., 1996) . By contrast, Chlamydomonas NADP-MDH contains only one 324 C-terminal Trx-regulated disulfide bond and a potential second internal structural disulfide bridge 325 with no regulatory function (Lemaire et al., 2005) . Interestingly, in the present study we 326 identified the two C-terminal Cys involved in the regulatory disulfide bond but not the cysteines 327 involved in the structural disulfide bond, suggesting that the reductome approach is selective for 328 redox-modified cysteines. (Avilan et al., 2000) . In the 340 present study, CP12 was retained on the Trx column and the four cysteines were clearly 341 identified as reduced by Trx, thereby validating the two approaches. In PRK , the two N-terminal 342 cysteines form a Trx-regulated disulfide bond in higher plants (Brandes et al., 1996; Milanez et 343 al., 1991; Porter et al., 1988) and in Chlamydomonas (Lebreton et al., 2003) . Surprisingly, 344 instead of these two cysteines, the reductome approach identified two other well-conserved 345 cysteines, Cys243 and Cys249. Interestingly, these cysteines were suggested to participate in a 346 disulfide whose formation alters the physical interaction of PRK with GAPDH and CP12 347 (Thieulin-Pardo et al., 2015) . A 4 -GAPDH is likely regulated by glutathionylation but was not shown to be controlled by Trx. Intriguingly, we identified the A 4 -GAPDH active-site cysteine Cys149 and its vicinal cysteine Cys153 as both labeled by cICAT reagents 350 suggesting that they form a Trx-reduced disulfide which was also detected in human GAPDH 351 (Rinalducci et al., 2015) . Moreover, we also identified ADK3, an adenylate kinase having a C-
320
NADP-malate dehydrogenase (NADP-MDH)-This enzyme is involved in the export of reducing
352
terminal domain similar to that of CP12 (Thieulin-Pardo et al., 2016) . Chloroplastic ADK3 was 353 identified by both approaches and we identified the two cysteines of the disordered CP12-like 354 domain, suggesting that ADK3 could be regulated by chloroplastic Trxs through its CP12 tail.
355
Peroxiredoxins (Prxs)-They constitute a family of enzymes reducing peroxides and 356 peroxynitrites and present in the chloroplast, mitochondria and cytosol (Dietz, 2011 CrPrx2, a 2-cys type Prx located in cytosol or flagella and CrPrx4, which belongs to the group of 360 type II Prxs and is localized in mitochondria (Dayer et al., 2008) . CrPrx1, the chloroplastic 361 counterpart of Prx2, has been shown to be dependent on Trxs for its regeneration (Goyer et al., 362 2002). Interestingly, in both Prx2 and Prx4, we identified the peroxidatic cysteine responsible for has not yet been reported. In Chlamydomonas Rubisco large subunit, seven of the twelve 370 cysteines are highly conserved among photosynthetic eukaryotes and Table 2 ) but also to the fact that this protease is regulated 389 by Trx under conditions of autophagy induction while our extracts were prepared from non-390 autophagic conditions. Some enzymes may also be regulated only in some species as established 391 for GAPDH (Trost et al., 2006) or PGK (Morisse et al., 2014a) . Another typical example is
392
Rubisco activase (RCA). RCA is a molecular chaperone of the AAA+ family that uses the energy 393 from ATP hydrolysis to release tight binding inhibitors from the active site of Rubisco (reviewed 394 in (Portis, 2003; Portis et al., 2008) ). Chlamydomonas only contains a short β isoform of RCA 395 that does not contain TRX-regulated cysteines found in α isoforms (Zhang and Portis, 1999; 396 Zhang et al., 2001 ) but still exhibit light dependent regulation of RCA activity (Gontero and 397 Salvucci, 2014; Michelet et al., 2013; Salvucci and Anderson, 1987) . Nevertheless,
398
Chlamydomonas RCA contains four cysteines (Cys148, Cys196, Cys255, Cys289) that are highly 399 conserved in all photosynthetic organisms and were all identified by our reductome approach.
400
This suggests that Trx may also play some role in the regulation of β isoforms of RCA.
401
Interestingly, the α isoform of Arabidopsis RCA was detected as nitrosylated in Arabidopsis 402 leaves (Lindermayr et al., 2005) and Cys196 and Cys148 from respectively Chlamydomonas and
403
Arabidopsis β-RCA, were detected as S-nitrosylated (Fares et al., 2011; Morisse et al., 2014b) .
404
Altogether, these data suggest that the redox regulation of RCA is likely more complex than (Chiadmi et al., 1999; Gutle et al., 2016; Jacquot et al., 1997; Rodriguez-Suarez et al., 1997) , 410 chloroplastic magnesium chelatase CHLI (Ikegami et al., 2007) , 3-deoxy-D-arabino-411 heptulosonate 7-phosphate (DAHP) synthase (Entus et al., 2002) or glucose-6-phosphate 412 dehydrogenase (Nee et al., 2014; Wenderoth et al., 1997) . For some of these enzymes the 413 reductome approach suggests, in addition to known target cysteines, the existence of additional 414 sites of redox regulation. Interestingly some of these sites were found to undergo 415 glutathionylation or nitrosylation (Morisse et al., 2014b) . 
420
Chlamydomonas thioredoxome: more than 1000 targets, more than 1000 cysteines.
421
Mass spectrometers have been tremendously improved over the last ten years in terms of mass 422 accuracy, resolution, sensitivity and scan speed and they are now able to deal with highly 423 complex biological samples even without fractionation (Doll and Burlingame, 2015; Hebert et al., 424 2014; Riley et al., 2016) . The use of such up-to-date instruments is surely at the origin of our approaches was previously reported in wheat (Wong et al., 2004) and Arabidopsis (Marchand et 431 al., 2006) , two studies exclusively conducted at the protein level, or in Chlamydomonas for S-432 nitrosylation where both proteins and cysteinyl-peptides were identified (Morisse et al., 2014b) .
433
In the present study, the combination of both approaches allowed us to identify 1188 putative Trx 
Subcellular localization
460
The subcellular distribution of the 1188 proteins identified was determined using the PredAlgo 461 software, a multi-subcellular localization prediction tool dedicated to algae (Tardif et al., 2012) .
462
As shown in Supplemental Figure 5A , Trx targets are predicted to be distributed for 30% to the 463 chloroplast, 9% to mitochondria, 6% to the secretory pathway and 55% to other compartments.
464
Such a distribution is not surprising despite the fact that we used a cytosolic Trx. Indeed, it is 465 recognized that redox proteomic studies performed in vitro lack specificity and similar targets are 466 identified regardless of the Trx isoform employed (Buchanan et al., 2012; Montrichard et al., 467 2009) and this is all the more true for CrTrxh1 that is able to reduce in vitro most cytosolic and chloroplastic Trx targets (Fischer et al., 2009; Goyer et al., 2002; Rivera-Madrid et al., 1995; Stein et al., 1995) .
470
Proteins present in the Chlamydomonas soluble proteome (Supplemental Figure 5B) degradation, lipid and amino-acid synthesis (Geigenberger and Fernie, 2014; Geigenberger et al., 495 2005; Lemaire et al., 2007; Meyer et al., 2009) . Interestingly, some metabolic pathways appear conditions Michelet et al., 2005) . Redox PTMs may also divert these 504 abundant enzymes to moonlighting functions, i.e. new functions unrelated to their metabolic role 505 in carbon metabolism as well established for glycolytic GAPDH (Zaffagnini et al., 2013a) . The 506 biosynthesis pathway for aromatic amino acids also appeared as a major Trx target, since almost 507 all the enzymes of the pathway (14 out of 20) were identified in the present study, including 7 out 508 of 8 enzymes of the shikimate pathway. In Arabidopsis, the first enzyme of this pathway, DAHP 509 synthase, was suggested to be redox-regulated since its activity was shown to be Trx f-dependent 510 in vitro (Entus et al., 2002) . For all other enzymes, very little is known about the functional role 511 of oxidative modifications on their regulations (Maeda and Dudareva, 2012) . It should be noted 512 that some of these enzymes were also detected as glutathionylated and nitrosylated in 513 Chlamydomonas (Morisse et al., 2014b; Zaffagnini et al., 2012a) . Interestingly, higher contents 514 of tyrosine and phenylalanine were observed in illuminated poplar leaves compared to darkened 515 ones (Noctor et al., 1998) or under biotic and abiotic oxidative stress conditions (Maeda and 516 Dudareva, 2012; Sadeghnezhad et al., 2016) . Altogether, these data suggest that redox regulation 517 of the biosynthesis pathway for aromatic amino-acids should be carefully studied and our 518 putative Trx-targeted sites could be a good starting point to evaluate the redox-dependency of 519 these enzymes. isoforms in the flagella, absent in Arabidopsis (Patel-King et al., 1996) . These Trxs were 528 proposed to participate in a redox-regulatory pathway that affects outer dynein arm function and 21 influences flagellar motility (Harrison et al., 2002; Wakabayashi and King, 2006 (Quimby and Dasso, 2003) ), such as the RAN1 protein, also identified in our pioneer study 533 . This underscores the importance of redox regulation of nuclear protein Protein and cysteine specificity in a complex network of redox modifications 554 Emerging data indicate that redox networks coordinate large numbers of redox elements involved 555 in a multitude of pathways and cellular processes to allow resistance and adaptation to 556 environmental challenges (Go et al., 2015) . These networks involve multiple redox post-557 translational modifications, the best studied being oxidoreduction of disulfide bonds, 558 glutathionylation, nitrosylation and sulfenylation (Couturier et al., 2013; Yang et al., 2016) . This cysteine proteome (Cys proteome) can be considered as an interface between the functional genome and the external environment (Go and Jones, 2014) . It is a highly dynamic network of 561 protein thiols with flexible reactivities (Paulsen and Carroll, 2013; Poole and Schoneich, 2015; 562 Weerapana et al., 2010) . Therefore, combinations of multiple redox PTMs act in concert 563 throughout the cell and act as a network rather than as insulated elements. Gaining insights into 564 the functioning of redox networks will require to unravel the determinants of the specificity of the 565 diverse redox PTMs for specific proteins and cysteines.
566
Numerous proteins are known to be regulated by multiple redox post-translational modifications.
567
A typical example is the E. coli transcription factor OxyR that can be nitrosylated, 568 glutathionylated, sulfenylated and undergoes reversible disulfide bond formation under the 569 control of Trx (Choi et al., 2001; Kim et al., 2002; Seth et al., 2012) . The Calvin-Benson cycle 570 constitutes an extreme example since all 11 enzymes of the pathway were identified as 571 glutathionylated , nitrosylated (Morisse et al., 2014b) and were also all Indeed, besides the extended thioredoxome reported here, we have previously identified 492 578 nitrosylated proteins (Morisse et al., 2014b) and 225 glutathionylated proteins (Michelet et al., 579 2008; Zaffagnini et al., 2012a) . These studies were performed on the same strain of 580 Chlamydomonas using highly similar growth conditions, i.e. starting from a comparable 581 proteome. Although some proteins are clearly targeted by multiple PTMs, the overlap appears 582 limited since 68.8% appear regulated by a single type of modification (Figure 6 ). This result may 583 appear surprising considering that Chlamydomonas Trxh1 was reported to catalyze 584 denitrosylation (Berger et al., 2016) and deglutathionylation (Bedhomme et al., 2012) . However, 585 they are consistent with the fact that i) Trx targets were analyzed in conditions where 586 nitrosylation and glutathionylation are limited or absent (Morisse et al., 2014b; Zaffagnini et al., 587 2012a), ii) Trx-dependent denitrosylation is considered to affect a limited fraction of nitrosylated 588 proteins since a vast majority (more than 80%) of nitrosylated proteins are denitrosylated by GSH 589 rather than Trx (Benhar et al., 2010; Paige et al., 2008; Romero and Bizzozero, 2009; Zaffagnini et al., 2013b) ; (iii) the mechanisms of denitrosylation and deglutathionylation in photosynthetic 591 organisms are considered to yield Trx-SNO and Trx-SSG rather than a mixed disulfide between 592 the Trx and its target (Bedhomme et al., 2012; Kneeshaw et al., 2014; Zaffagnini et al., 2012c) 593 suggesting that the Trx affinity column identifies proteins containing a Trx-reducible disulfide 594 rather than nitrosylated or glutathionylated proteins. A high specificity, comparable to that found 595 in Chlamydomonas (Figure 6 ), was already observed when comparing 193 sulfenylated proteins 596 with previously identified targets of disulfide bond formation, nitrosylation and glutathionylation 597 (Leonard et al., 2009 ). This limited overlap suggests that the different redox modifications are 598 specific toward different subsets of the proteome.
599
Moreover, when a given protein is regulated by multiple PTMs, this does not necessarily imply 600 that the same cysteine is targeted. The ability of a given cysteine to undergo a specific type of Calvin-Benson cycle enzymes fructose-1,6-bisphosphatase and transketolase (Michelet et al., 606 2013); E. coli OxyR (Choi et al., 2001; Kim et al., 2002; Seth et al., 2012) or human Trx (Benhar, 607 2015; Casagrande et al., 2002; Hashemy and Holmgren, 2008; Sengupta and Holmgren, 2012) , 608 the different modifications occur on distinct cysteine residues. The specificity primarily depends 609 on the biochemical properties of the cysteine residue that are largely linked to its 610 microenvironment within the folded protein which can notably influence the accessibility, the 611 acidity and the nucleophilicity of the residue (Reddie and Carroll, 2008; Winterbourn and 612 Hampton, 2008; Zaffagnini et al., 2012b) . Our Chlamydomonas proteomic datasets allow 613 exploring the site-specificity of the different redox PTMs at the proteome scale. These 614 comparisons revealed a strikingly high specificity of each modification for specific cysteine 615 residues. Indeed, considering all cysteines experimentally identified as redox-regulated, more 616 than 75% undergo a single modification while less than 1% are regulated by nitrosylation, recognized (Foyer and Noctor, 2016; Frederickson Matika and Loake, 2014; Gross et al., 2013;  638 Mock and Dietz, 2016; Sevilla et al., 2015) . Understanding this complex network requires to (Yang et al., 2016) . In 643 addition, computational structural genomic approaches will be required to integrate the Cys 644 proteome at the structural level in order to get insights into the molecular mechanisms and the 645 structural determinants governing each type of redox modification.
646
Besides redox PTMs, the integration of the signal implicates a myriad of other molecules and 647 processes acting at the translational, transcriptional and post-transcriptional levels (Mastrobuoni 648 et al., 2012) . In photosynthetic organisms, numerous redox PTMs are clearly linked to signaling 649 pathways controlled by hormones (Feng et al., 2013; Kneeshaw et al., 2014; Terrile et al., 2012;  25 mammals, nitrosylation was reported to interfere with signaling processes mediated by 652 phosphorylation, ubiquitylation, sumoylation, acetylation or palmitoylation (Held and Gibson, 653 2012; Hess and Stamler, 2012 ). An intensive effort is therefore required to integrate redox Cre02.g114600); PRX4 (Type-II peroxiredoxin; Cre02.g080900); Rubisco LSU (chloroplastic ribulose bisphosphate carboxylase/oxygenase; rbcL). The numbering corresponds to the fulllength sequence. Lines between cysteines indicate confirmed (plain) or suggested (dashed) disulfide bonds in Chlamydomonas enzymes. Cysteines identified as nitrosylated (Morisse et al., 2014b ) and glutathionylated by proteomic approaches in Chlamydomonas are labeled with NO (yellow) and SG (green), respectively. targeted by thioredoxins (S-S) (this study and ), S-nitrosylation (S-NO) (Morisse et al., 2014b) or S-glutathionylation (S-SG) (Michelet et al., 2008; Zaffagnini et al., 2012a ) using an in-house software and D3.js. (Morisse et al., 2014b) or S-glutathionylation (S-SG) (Michelet et al., 2008; Zaffagnini et al., 2012a) using an in-house software. (Morisse et al., 2014b) ) or by S-glutathionylation (S-SG; ). (B) Venn diagram showing the distribution of cysteines experimentally identified as redox-modified after dataset restriction to Chlamydomonas proteins undergoing at least two of these three redox modifications (Trx reduction, S-nitrosylation, S-glutathionylation).
